For cell division, negatively charged chromatin, in which nucleosome fibers (10 nm fibers) are irregularly folded [1] [2] [3] [4] [5] , must be condensed into chromosomes and segregated. While condensin and other proteins are critical for organizing chromatin into the appropriate chromosome shape [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , free divalent cations such as Mg 2+ and Ca 2+ , which condense chromatin or chromosomes in vitro [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28], have long been considered important, especially for local condensation, because the nucleosome fiber has a net negative charge and is by itself stretched like ''beads on a string'' by electrostatic repulsion. For further folding, other positively charged factors are required to decrease the charge and repulsion [29] were replaced from polar-charged amino acids to alanine. Finally, we introduced random mutations. In this way, we obtained an indicator with an apparent K d for Mg 2+ of 7.2 mM and a dynamic range of 153% ( Figures 1A and 1B) , which are 49 and 3 times higher than those of MagFRET, respectively [41].
In Brief
How the negatively charged long genomic DNA is organized into mitotic chromosome remains unclear. Using a newly developed Mg 2+ indicator,
Maeshima et al. demonstrate a transient rise in free Mg
2+ released from ATP-Mg during mitosis and suggest that the rise contributes to mitotic chromosome condensation by charge neutralization.
SUMMARY
For cell division, negatively charged chromatin, in which nucleosome fibers (10 nm fibers) are irregularly folded [1] [2] [3] [4] [5] , must be condensed into chromosomes and segregated. While condensin and other proteins are critical for organizing chromatin into the appropriate chromosome shape [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , free divalent cations such as Mg 2+ and Ca 2+ , which condense chromatin or chromosomes in vitro [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , have long been considered important, especially for local condensation, because the nucleosome fiber has a net negative charge and is by itself stretched like ''beads on a string'' by electrostatic repulsion. For further folding, other positively charged factors are required to decrease the charge and repulsion [29] . However, technical limitations to measure intracellular free divalent cations, but not total cations [ , increase during mitosis. The Mg 2+ increase is coupled with a decrease in ATP, which is normally bound to Mg 2+ in the cell [33] . ATP inhibited Mg 2+ -dependent chromatin condensation in vitro. Chelating Mg 2+ induced mitotic cell arrest and chromosome decondensation, while ATP reduction had the opposite effect. Our results suggest that ATPbound Mg 2+ is released by ATP hydrolysis and contributes to mitotic chromosome condensation with increased rigidity, suggesting a novel regulatory mechanism for higher-order chromatin organization by the intracellular Mg 2+ -ATP balance. -dependent conformational change has been suggested [39, 40] . The construct exhibited a small change in the emission ratio, which was determined by dividing the Venus emission by that of ECFP upon light illumination at the ECFP excitation wavelength.
RESULTS

Development of Fö rster
To improve upon this indicator's performance (both in terms of Mg 2+ affinity and dynamic range), we made the following modifications. First, the N-terminal region of E. coli CorA-CD was deleted, because crystal structure data from Thermotoga maritima CorA suggest that this region is not involved in Mg 2+ binding [39, 40] . Second, several amino acids on the putative a6 helix presumably related to Mg 2+ -dependent structural changes [40] were replaced from polar-charged amino acids to alanine. Finally, we introduced random mutations. In this way, we obtained an indicator with an apparent K d for Mg 2+ of 7.2 mM and a dynamic range of 153% ( Figures 1A and 1B) , which are 49 and 3 times higher than those of MagFRET, respectively [41] .
The indicator was named the magnesium ratiometric indicator for optical imaging (MARIO), and its N-terminal region contains 48 amino acid deletions and 4 amino acid mutations (I74D, I184D, K187A, and R189A) compared to E. coli CorA-CD. Although MARIO also has affinity for Ca 2+ (apparent K d = 6.2 mM) ( Figure S1A ), this affinity is much lower than the physiological Ca 2+ range in the cytoplasm (submicromolar concentration; see Figures 2A-2C ).
Free Mg 2+ Increases during Mitosis
To investigate nuclear free Mg 2+ dynamics during the cell cycle, we attached the nuclear localization signal (NLS) of the SV40 T-antigen to MARIO, which was stably expressed in HeLa S3 cells. The stable expression of NLS-MARIO, with an expected size of $75 kDa, was confirmed by western blotting ( Figure 1C ). We monitored nuclear free Mg 2+ levels throughout the cell cycle. While no notable change in the MARIO emission ratio was observed during interphase (Figures S1B and S1C), after nuclear envelope breakdown (NEBD), the FRET ratio increased and peaked during metaphase when the chromosomes were aligned in the differential interference contrast (DIC) images ( Figures 1D  and 1E ). The ratio gradually decreased during cytokinesis. 
À7
) and Welch's t test for prometaphase versus early G1 phase (p = 1.7 3 10 À6 ).
See also Figure S1 .
Quantitative analysis demonstrated a significant rise in the free Mg 2+ level in metaphase-anaphase ( Figures 1E, 1F , and S1D). Note that the emission ratios were not affected by changes in the height of the cell or cell shape over the course of the cell cycle. On the other hand, we failed to detect any notable change in the FRET ratio of Figure S3A ) for 1 hr. This compound can be loaded into cells to generate intracellular Mag-Fura-2. Next, we measured the emission ratios during various stages of the cell cycle, which were categorized based on DIC images. Higher ratios were observed during mitosis, corroborating a significant increase in the free Mg 2+ level (Figure 1G) . To estimate the intracellular concentration of free Mg 2+ , Mg 2+ titration using permeabilized cells was performed as described previously [38] . Although we roughly estimated that the Mg 2+ concentration rose from $0.6 to $0.9 mM during mitotic progression ( Figure 1G ), this value may be underestimated, because chromatin seems to absorb Mg 2+ and could reduce the FRET ratios of Mag-Fura-2 during the titration (Figure S1H , see legend and also discussed later). Figure S2A ). We first employed a differential centrifugation assay [28] ; when chromatin condenses due to increased Mg 2+ concentration, it is recovered in a pellet by microcentrifugation.
Free
In vitro, condensation occurred dramatically over the range of 0.5 to 1 mM Mg 2+ ( Figure S2B ). Condensed chromatin structures $200 nm in size were visualized by staining with 4',6-diamidino-2-phenylindole (DAPI) in the pellet fraction ( Figure 2D ). For a more quantitative analysis of chromatin condensation, we performed a static light-scattering assay at 90
[43]. A dramatic condensation effect was observed in the range of $0.5 to 1 mM Mg 2+ ( Figure S2C ), suggesting that this range is important for chromatin structure, consistent with previous reports [18] [19] [20] [21] 28 ]. We also verified that a physiological (submicromolar) concentration of Ca 2+ did not affect chromatin structure in vitro by charge neutralization ( Figure S2D ).
Chelating Mg 2+ Induces Mitotic Cell Arrest and Chromosome Decondensation
We tested whether free Mg 2+ is involved in chromatin condensation during mitosis, as suggested in vitro. To this end, we used Mag-Fura-2, which weakly chelates Mg Figure S3A ). Addition of the cellpermeable Mag-Fura-2-AM induced an arrest of mitotic progression ( Figure 2E ) and chromosome decondensation ( Figure 2F) . A similar or even more prominent effect was observed following treatment with ethylenediaminetetraacetic acid, acetoxymethyl ester (EDTA-AM) ( Figure 2G ; for its structure, see Figure S3B ). These results support a critical role for Mg 2+ in chromosome condensation. Interestingly, when the cell shape became rounded during NEBD, the emission ratios of Venus to ECFP dropped; then, during anaphase-telophase progression, the emission ratios increased to a higher level than during the previous G2 phase ( Figures 3A and 3B ). Time-lapse imaging indicated that ATP levels decreased in metaphase-anaphase and recovered during mitotic exit ( Figure 3B) and that ATP levels decrease in metaphase (Table S1 ).
ATP, which Captures
ATP Inhibits Mg
2+
-Dependent Chromatin Condensation In Vitro Next, we asked whether ATP regulates the function of free Mg 2+ . The isolated human chromosome cluster exhibited a wellcondensed morphology with Mg 2+ (left, Figure 3D ). With the addition of 1 mM ATP to Mg 2+ , the Mg 2+ effect was neutralized and the chromosomes decondensed (center, Figure 3D ; Figure 3E ). When ATP treated with calf intestine alkaline phosphatase (CIAP) was used, the decondensation effect was suppressed and the chromosomes remained condensed (right panel of Figure 3D ; Figure 3E ), with a similar morphology to those given Mg 2+ only (left panel of Figure 3D ; Figure 3E level, shifting the curve to the right; however, this effect was not prominent when the ATP added was hydrolyzed by CIAP. See also Figure S3 and Tables S1 and S2. level, which then contributes to chromosome condensation in the cell ( Figure 4C ). In this situation, ATP acts as a Mg 2+ reservoir, which might be another function of ATP in addition to being an energy source and a hydrotrope [46] .
DISCUSSION
In this study, we demonstrated a transient increase in Mg 2+ ion concentration, but not Ca 2+ , during mitosis, which was coupled with a reduction in ATP and facilitated sister chromatid condensation ( Figure 4C ). Although an increase in the free Ca 2+ level during mitosis has been reported in several cells, including fish and sea urchin embryogenesis [51-53], the Ca 2+ concentration after the increase remained around 1 mM, which is too low to induce chromatin condensation in vitro ( Figure S2D) . Therefore, Ca 2+ may be indirectly involved in the chromatin condensation process by activating protein factors [27, 30] rather than charge neutralization.
Why is further chromosome condensation by Mg 2+ required for mitosis ( Figure 4C) ? Since protein factors such as condensin can globally organize mitotic chromosomes [7, 12, 17] , we believe that chromosomes become more rigid during the Mg 2+ -dependent condensation process. This is particularly advantageous for chromosome segregation and transmission during anaphase, which are subject to mechanical shearing stress. Indeed, micro-needle manipulation experiments of isolated chromosomes and nuclei have indicated that chromatin becomes rigid in an Mg 2+ -dependent manner [54-56]. Our results showed that Mg 2+ levels remain high during anaphase, consistent with previous reports of anaphase compaction [57, 58] . Regarding ATP dynamics during mitosis, what is the mechanism of reduction? Although one possible mechanism for this ATP reduction is a decrease in the ability to produce energy during mitosis, it seems that neither glycolysis nor oxidative phosphorylation is involved in the ATP reduction process, because glucose uptake in mitotic cells is similar to that in interphase cells ( Figure S4B ). In addition, our metabolomic analysis indicated that the levels of metabolites related to glycolysis, the tricarboxylic acid (TCA) cycle, and the pentose phosphate pathway are similar in metaphase and early G1 cells (Table S2 ). The NAD + /NADH ratios, which reflect both the metabolic activity and health of cells [59] , are also comparable between these stages (Table S2 ).
Another possibility is that an increase in ATP-consuming processes during mitosis reduces the level of ATP. During mitosis, chromosomes are condensed by condensin and other factors and are then dynamically captured, aligned, and segregated by the mitotic spindle apparatus, which all hydrolyze large amounts of ATP. In addition, the phosphorylation of a large number of mitotic proteins, including lamins and histones, is known to occur during mitosis. We estimate that the total ATP consumption for mitotic phosphorylation may reach the submillimolar to millimolar range. Taken together, these coordinated mitotic events may lead to the decrease in ATP level observed during mitosis.
Our study revealed a novel regulatory mechanism for higherorder chromatin organization via the intracellular Mg 2+ -ATP balance, which is a zero-sum game. A similar regulatory mechanism may work to regulate chromatin organization in other cellular events, such as cell differentiation.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS) at 37 C in 5% CO 2 .
METHOD DETAILS
DNA construction for the development of MARIO The gene of a cytosolic domain in the Mg 2+ transporter CorA was amplified from genomic DNA from E. coli using polymerase chain reaction (PCR). A forward primer containing the SphI site and a reverse primer containing the SacI site were used for amplification (5 0 -CCGCATGC ATGCTGAGCGCATTTCAACTG-3 0 and 5 0 -ATGAGCTC AGCCGCCTGCATCAGGAAGTT-3 0 ). To improve the affinity for Mg 2+ and the dynamic range of Mg 2+ concentration, an N-terminal deletion was introduced using PCR with forward primers containing the SphI site followed by methionine and the sequence starting at the 49 th residue of CorA (5 0 -CCGC ATGCTGAGCCTGG CAACCCGC-3 0 and 5
. Site-directed mutations (K187A and R189A) were introduced by the modified Quik Change method using one oligonucleotide with mutation sites [61] . Briefly, DNA extension and ligation were simultaneously performed in a mixture containing 1 ng/mL of template plasmid DNA, 1 mM of the 5 0 phosphorylated primers to substitute amino acid residues (5 0 -GATATCGGCTGGGCCGTTGCCCTGTGTCTGATG-3 0 ), 150 mM of dNTPs, 0.1 U/mL of Pfu DNA polymerase (Bio Academia), 0.5 3 reaction buffer attached to Pfu polymerase, 0.08 U/mL of Pfu DNA ligase (Agilent Technologies) and 0.5 3 reaction buffer attached to Pfu ligase. Following the reaction, the template plasmid DNA was eliminated by DpnI (New England Biolabs) digestion. Random mutations were introduced into the CorA cytosolic domain by error-prone PCR with a mixture containing 1 mM of the forward and reverse primers, 1 ng/mL of template plasmid DNA, 0.05 U/mL of rTaq DNA polymerase (TAKARA), 1 3 attached reaction buffer, 0.2 mM dATP, 0.2 mM dGTP, 0.9 mM dCTP, 0.9 mM dTTP and 0.4 mM MnCl 2 .
For protein expression in E. coli, the restricted product from MARIO was cloned in-frame into the BamHI/EcoRI sites of pRSET B (Invitrogen), yielding MARIO/pRSET B .
The construction of NLS-MARIO was carried out as follows. The MARIO fragment was cut out using BamHI/EcoRI digestion and blunted. This fragment was inserted into the blunted BamHI site of pEGFP-C1/T-NLS (from the lab of Dr. N. Imamoto). The region containing the NheI site of NLS-MARIO-SV40 and the pA-SmaI site was amplified via PCR using the following primer set (5 0 -CTAGC TAGCATGGGGGGGCCTCCAAAAAAGAA-3 0 , 5 0 -TCCCCCGGGTAAGATACATTGATGAGTTT-3 0 ). After digestion with NheI and SmaI, the amplified fragment was inserted into the vector region of pPB-EF1a-H2B-PA-mCherry-PGKneo [50] digested with NheI and SmaI to obtain pPB-PGKneo-EF1a-NLS-MARIO-SV40 pA. This construct and pCMV-hyPBase (from Dr. K. Horie) were transfected into HeLa S3 cells using Effectene Transfection Reagent (QIAGEN) to create HeLa S3 cells stably expressing NLS-MARIO after selection using 1200 mg/mL of the antibiotic G418.
In vitro Mg
2+ and Ca 2+ titration of MARIO For expression and purification of the MARIO protein, the E. coli strain JM109(DE3) transformed with MARIO/pRSET B was grown for 72 hr at 23 C. The recombinant protein was purified using a Ni-NTA column (QIAGEN), and its emission spectra were measured at a concentration of 0.2 mM using an F-7000 fluorescence spectrophotometer (Hitachi) with 435 nm excitation. Mg 2+ titrations were performed by reciprocal dilution with Mg 2+ buffer (50 mM MgCl 2 ) and Mg 2+ -free buffer containing 25 mM MOPS (pH 7.2) and 100 mM KCl at room temperature (23-25 C) . Averaged data from three independent measurements were fitted to the Hill equation in a two-site model using Origin8 software (OriginLab). CaCl 2 was used in place of MgCl 2 to prepare buffers for Ca 2+ titration.
Mg 2+ imaging by NLS-MARIO in HeLa S3 cells HeLa S3 cells were cultured on a 35 mm glass-bottom dish containing 1.5 mL FluoroBrite DMEM (Thermo Fisher Scientific) supplemented with 10% FBS and imaged with a widefield inverted epifluorescence microscope (Ti-E, Nikon) equipped with a 40 3 oil immersion objective (Plan Fluor, numerical aperture [NA] 1.3; Nikon). The samples were illuminated with a 100 W mercury arc lamp through 5%, 12.5%, and 25% neutral density filters and a 434/17 excitation filter (Semrock). The cyan and yellow fluorescence signals were sequentially captured through 483/32 and 542/27 interference filters (Semrock), respectively, using an emission filter changer (Ludl Electronic Products). An electron-multiplying charge-coupled device (EMCCD) camera (iXon3, Andor Technology) was used to acquire images with 2 3 2 binning, with an exposure time of 500 ms and an EM gain of 500 for each channel. During time-lapse imaging, dishes were incubated in a microscope incubator (Tokai Hit) with 5% CO 2 at 37 C. After background subtraction, a ratio image was created based on the yellow and cyan fluorescent protein filters (YFP/CFP) using Intensity Modulated Display mode (IMD) of MetaMorph software (Molecular Devices). Time-lapse images of cell mitosis were captured every 5 min. We performed Ca 2+ imaging by YC3.60 in HeLa S3 cells as described above, except that the EM gain was 200. For time-lapse imaging of histamine-dependent changes in Ca 2+ , 15 mL of 500 mM histamine dissolved in medium was added so that the final concentration was 5 mM. Images were captured every 3 s.
Measurement of intracellular Mg 2+ concentration using Mag-Fura-2 Mag-Fura-2-AM (Invitrogen) was applied to the culture medium at 10 mM with 0.02% Pluronic F-127 (Invitrogen), and the cells were incubated at 37 C for 30 min. The cells were then washed twice with Hank's balanced salt saline (HBSS, pH adjusted to 7.4; Invitrogen) and further incubated in fresh HBSS at 37 C for 15 min to complete hydrolysis of the acetoxymethyl (AM) ester form. Mag-Fura-2 fluorescence was measured on a fluorescence microscope (ECLIPSE TE300, Nikon) equipped with a 10 3 objective lens (S Fluor, Nikon). Mag-Fura-2 was alternately excited at 340 nm (Mg 2+ -bound) and 380 nm (Mg 2+ -unbound) using a 150 W Xe lamp fitted with a monochromator. Fluorescence was detected with a CCD camera (HiSCA, Hamamatsu Photonics) through a 400 nm dichroic mirror and a 535/55 nm emission filter (Nikon). Fluorescence was quantitatively analyzed using Aquacosmos software (Hamamatsu Photonics), and fluorescence intensity was calculated as the mean intensity in the region of interest (ROI), which contained the entire cell body. To measure the changes in Ca
2+
, fura-2-AM (Invitrogen) was used as described above. The Mg 2+ concentration was calibrated using the emission ratio of In vitro Mg 2+ titration of Mag-Fura-2
The fluorescence intensity of Mag-Fura-2 was measured at a concentration of 10 mM (10 mM HEPES and 0.1 mM EDTA) on a plate reader (VARIOSKAN Flash, Thermo Fisher Scientific). Titration was performed in MgCl 2 (ranging from 0 to 2 mM). The fluorescence intensities at 510 nm (excited at 340 and 380 nm) were measured and their ratio was calculated. The same sets of experiments were also performed with 100 mg/mL chromatin or albumin.
ATP imaging in HeLa S3 cells
To express ATeam in HeLa S3 cells, an XhoI-HindIII DNA fragment encoding ATeam from pcDNA-AT1.03 [32] was ligated between the NotI and BamHI sites of pQCXIN (Clontech Laboratories) using a NotI-XhoI linker (a duplex of 5 0 -GCGGCCGCC-3 0 and 5 0 -TCG AGGCGGCCGC-3 0 ) and a HindIII-BamHI linker (a duplex of 5 0 -AGCTTGGATCC-3 0 and 5 0 -GGATCCA-3 0 ) to obtain pQCXIN-AT1.03. Retroviral particles, which were produced by lipofection of the Platinum-A retroviral packaging cell line (Cell Biolabs) with pQCXIN-AT1.03, were used to obtain a HeLa S3 cell line stably expressing ATeam.
To image ATP in HeLa S3 cells expressing ATeam [32], cells were cultured on a 35 mm glass-bottom dish containing 2 mL phenolred-free DMEM (low glucose) supplemented with 10% FBS and imaged with a widefield inverted epifluorescence microscope (Ti-E, Nikon) equipped with a 40 3 dry objective (Plan Apo, numerical aperture 0.95; Nikon). The samples were illuminated with a 75 W xenon arc lamp through 12.5% and 25% neutral density filters and a 438/24 excitation filter (Semrock). The cyan and yellow fluorescence signals were sequentially captured through 483/32 and 542/27 interference filters (Semrock), respectively, using an emission filter changer (Nikon). An sCMOS camera (Zyla 4.2, Andor Technology) was used to acquire images. During time-lapse imaging, dishes were incubated in a microscope stage top incubator (Tokai Hit) with 5% CO 2 at 37 C. Time-lapse images of cell mitosis were captured every 5 min. After background subtraction, YFP/CFP ratio images were created using MetaMorph software (Molecular Devices).
Intracellular ATP measurement based on luciferase activity To initiate cell synchronization, mitotic shake-off was performed using HeLa S3 cells treated with 0.1 mg/mL Nocodazole (Wako) for 4 hr [62] . Aliquots of 0.5 3 10 5 mitotic cells were seeded into a 12-well culture plate (IWAKI) and cultured for 40 min (metaphase) or 4 hr (early G1). To measure ATP, Cell ATP Assay Reagent (300-15363, Toyo B-Net) was used according to the manufacturer's instructions. Bioluminescence was measured using a Lumat LB 9507 tube luminometer (EG&G BERTHOLD). A standard plot of ATP concentration versus bioluminescence intensity validated that our measured ATP concentration values were within a linear range. Both the reaction and measurement were performed at 23 C in the dark. The incubation time from the addition of the assay reagent to measurement was 5 min. ATP measurement of RPE1 cells was performed as described above.
Chromatin condensation assay using isolated HeLa S3 chromatin and chromosomes HeLa S3 nuclear isolation was performed as described previously [63] . Briefly collected cells were suspended in nuclei isolation buffer 
